Introduction
Decreasing friction in automobile engines is a global issue from the viewpoints of energy conservation and CO2 exhaust reduction. Tribology research on engine systems to develop lower frictional surfaces has attracted much attention. In general, engine oil is composed of a base oil (organic polymers) and various additive compounds. Additive molecules adsorb on friction-metal surfaces.
The interface structure should chemically and/or physically reduce friction. 1 The friction mechanism has previously been researched by observing metal surfaces rubbed with engine oils using conventional analytical methods, such as IR (infrared spectroscopy), measurements make it difficult to directly clarify the dynamics of the frictional mechanism.
SR-based XRD has recently been applied to in situ observations of metal surfaces in frictional motions. 27 In situ XRD measurements were performed using a hard X-ray SR beam, which transmitted the frictional window material of a sapphire plate, allowing phase transformations on frictional metal surfaces to be successfully observed. On the other hand, SR-based in situ observations focusing on the organic molecules at engine-oil/metals interfaces are rare due to experimental difficulties. Although soft X-ray spectroscopy is a powerful tool for the chemical analysis of organic molecules, measurements should be achieved under a high vacuum.
For in situ soft X-ray spectroscopy, the frictional motions of metals with liquid engine oil should be performed. The signals from frictional surfaces should be sufficiently detected during the frictional motions in a high-vacuum chamber. To overcome experimental difficulties, we developed a compact friction tester for in situ and/or operando soft X-ray absorption measurements of the engine-oil/metals interfaces. This paper describes the design concept of the friction tester and the first operation of in situ soft X-ray absorption measurements of engine-oil/metals interfaces.
Design of the Friction Tester
The friction tester was designed based on the following concepts:
(1) The total-electron-yield (TEY) signal from the rotating metal ring in contact with a counter metal block with engine oil under 203-MPa loading can be measured for in situ/operando observations during the frictional motion of metals with engine-oil. ( 2) The friction tester will be installed and operated in the vacuum measurement chamber of BL-6.3.2 28 at the Advanced Light Source (ALS) under a vacuum of 10 -7 Torr. (3) The rotation speed, loading pressure, and temperature of the rotating ring can be well controlled in the vacuum chamber. Figure 1 shows a schematic of the tester. The tester unit was composed of aluminum. The tester unit was compact (218 × 125.5 × 83.27 mm 3 ), allowing it to be placed in the measurement chamber in BL-6.3.2. The rotating ring and counter block were made from SUS440C steel, which exhibits the highest hardness in stainless steels. It is well known that SUS440C steel contains 0.95 -1.2 wt% carbon. The diameter and length of the ring were 14 and 11 -12 mm, respectively. The size of the counter block was 15.7 T × 10 H × 6.5 W mm 3 , where 6.5 W mm was the rubbing width to the ring. The ring touched an oil-soaked sponge, which contained 100-μL liquid oil. Consequently, the ring and the counter block were always wet with the oil in the vacuum chamber.
The load on the ring was varied, depending on the weight of SUS304 steel. At a 1.5-kg weight, the maximum loading to the rotating ring by the counter block was 203 MPa. The ring was rotated by a commercially available vacuum stepping motor (Kohzu Precision, 103H5508-83V2). The typical rotating speed of the ring was 300 mm/s. The TEY signal from the rotating ring was monitored from the rotating axis, which was electrically isolated from the other metal parts. The rotating speed of the ring, the temperature and the friction of the counter block were electrically controlled and monitored outside of the chamber. Figure 2 shows photos of the friction tester installed in the vacuum chamber. A side view (a) shows the compact setting in the chamber. The rotation axis was connected to a current meter for the TEY measurements through a conducting wire. The SR beam spot (visible light) irradiated on the ring is clearly shown in the cross-sectional view (b). The beam spot size is approximately 40 μm V × 300 μm H in the full width at half maximum (FWHM). The Au plates, which monitored beam intensity, and the highly oriented pyrolytic graphite (HOPG), which is a reference compound, were placed in front of the tester. The TEY for each sample was also measured by another conducting wire and a current meter.
Vacuum Test
The most important experiment in this study is vacuum pumping of the chamber containing the friction tester with/without liquid engine oil. Soft X-ray spectroscopic measurements should be performed under a high vacuum. Additionally, soft X-ray spectroscopy cannot be used to measure voluminous liquid oil samples because liquid oil samples may impact carbon contamination on the beamline optics. Figure 3 shows the vacuum evolution of the measurement chamber with the friction tester as a function of the pumping time. The chamber was pumped by a cryopump (Cryotorr 8) with a pumping speed of 4000 L/s. The first pumping without oil took approximately 400 min to reach a pressure on the 10 -7 Torr order. After the first pumping, 100-μL oil was soaked in the sponge and the chamber was pumped. Although the liquid oil was in vacuum chamber, the second pumping reached the 10 -7 Torr order at around 120 min. These vacuum pumping experiments show that the first pumping of the friction tester is critical to degas the tester components. Subsequent vacuum pumping with oil can be fairly fast because the engine-oil is essentially composed of non-volatile organic compounds. After the second pumping, the oil-coated ring was rotated for 30 min under a vacuum of 10 -7 Torr. These results confirm that the friction tester with oil can be successfully operated under a pressure on the order of 10 -7 Torr in the measurement chamber of BL-6.3.2.
In situ XANES Measurements
In situ XANES measurements of the rubbed ring with a counter block and engine oil were performed using the TEY method under a vacuum of 10 -7 Torr. The ring was rotated at a speed of 300 mm/s, a load of 151 MPa, and at a temperature of 80 C, which are usual conditions in such a bench test for practical automobile engines. Figure 4 shows the XANES in the Fe L and C K regions of the original ring and the ring rotated for 0, 2, and 10 min with oil (denoted by oil/ring in the figure). Each spectrum was acquired just after rotation in vacuum. Thus, they are in situ XANES.
In the Fe L-XANES of the oil/ring samples, Fe L2,3 peaks were small in 0-min rotation. This means that the oil layer initially coated on the ring was sufficiently thick to observe the ring surface by the TEY method. However, Fe L2,3 peaks were clearly observed in the 2-and 10-min rotated samples, indicating that the oil layer became thinner by rotation, and the interface between the oil and ring was observed by TEY. The contribution factor m can be defined from the Fe L3 peak height, IFeL, between the oil/ring and the original ring as m = IFeL(oil/ring)/IFeL(ring). 29 Therefore, m means the contribution ratio of the ring to the oil/ ring in XANES.
The measured m factors of the oil/ring sample were described in the Fe L-XANES. The initial oil/ring sample (0 min) exhibited m = 0.00535, implying that the contribution from the ring was approximately 0.5%. On the other hand, the oil/ring samples rotated for 2 and 10 min exhibited m values as large as ~0.04. This means that the contribution from the ring increased to 4% due to the thinner oil layers due to the rotation. Additionally, the oil layer rapidly became thinner due to the initial rotation within 2 min. In C K-XANES, carbon was clearly observed in the original ring sample because the SUS440C steel contained carbon. The C K-XANES of the oil/ ring sample was described by eliminating the contribution from the ring, such as (oil/ring) -m ×(ring), where m was obtained from the Fe L-XANES. The C K-XANES profile of the oil/ring sample in the 0-min rotation differed from that of the original ring, implying that a thick oil layer could be initially coated on the ring. The 0-min rotation profile is also in agreement with the C K-XANES of oil coated on a clean Au substrate. Therefore, the 0-min rotation profile is regarded as being the typical XANES of the thick oil layer. However, the profile changed in the 2-and 10-min rotated oil/ring sample. It exhibited a sharp peak at 285 eV, a shoulder at 288 eV, and a peak at 291 eV. As mentioned above in the Fe L-XANES, the spectra should also show the thinner oil layers that include the oil/ring interface. Hence, the C K-XANES of the oil/ring in the However, the m values in the present in situ measurements (~0.04) are smaller than the previous values (~0.7) obtained by ex situ measurements. 29 In ex situ measurements, excess oil layers were removed by washing with organic solvent after frictions. Thus, the ex situ measured oil layers were sufficiently thin to observe the oil/metal interfaces. Although it is hard to estimate the oil layer thickness, the smaller m values in the present in situ measurements mean that the oil layers are approximately 10-times thicker than those in the ex situ measurements. Therefore, C K-XANES of the present in situ measurements may fairly include information concerning the upper oil layers on the interfaces. Additionally, TEY intensity of C K-XANES was unstable during ring rotations, as shown in Fig. 4(b) ; the TEY intensity of 10-min rotation is 4-times higher than that of 2-min rotation. Spatial nonuniformity of the frictional motions may take place at the oil/ring interfaces. Hence, improvements to form thinner oil layers and to perform stable frictional motions should be necessary to clearly observe the oil/ring interfaces.
Conclusions
In summary, we developed a friction tester for in situ and/or operando TEY-XANES measurements at engine-oil/metals interfaces during frictional motion in a vacuum measurement chamber. The first operations of the tester were demonstrated at BL-6.3.2/ALS. Prior to frictional operations, vacuum pumping of the tester with liquid oil was performed for 10 h in the measurement chamber. A vacuum of 10 -7 Torr was achieved. In situ TEY-XANES measurements in the Fe L and C K regions at the frictional oil/ring interface were successfully performed. By monitoring the Fe L3 peak intensity, the contribution ratio in XANES of the ring onto the oil/ring sample was estimated as the contribution factor, m. Considering the measured m, C K-XANES of thin oil layers including the oil/metals interfaces was obtained in the 2-and 10-min rotations.
Such measurements using the friction tester are the first in situ experiments in tribology research and in soft X-ray spectroscopy. To perform operando measurements using the frictional tester in the near future, we are now improving the measurement conditions to control oil layer thickness and the stable ring rotation system.
